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We have measured the Hall-plateau width and the activation energy of the bilayer quantum
Hall (BLQH) states at the Landau-level filling factor ν = 1 and 2 by tilting the sample and si-
multaneously changing the electron density in each quantum well. The phase transition between
the commensurate and incommensurate states are confirmed at ν = 1 and discovered at ν = 2.
In particular, three different ν = 2 BLQH states are identified; the compound state, the coherent
commensurate state, and the coherent incommensurate state.
A spontaneous development of interlayer quantum co-
herence [1,2] is one of the most interesting phenomena in
bilayer quantum Hall (BLQH) systems. One can experi-
mentally prove the existence of such an interlayer quan-
tum coherence by manipulating the macroscopic quan-
tum conjugate observables; the phase difference and the
interlayer electron number difference. The interlayer
phase difference, if exists, can be controlled by applying a
parallel magnetic field between the two layers, which can
be achieved by tilting the bilayer system in a magnetic
field. Murphy et al. [3] have found an activation-energy
anomaly together with a phase transition in the ν = 1
BLQH state by increasing the parallel magnetic field. It
was suggested to be a signal of the interlayer quantum co-
herence [4,5]. The interlayer number difference can also
be controlled experimentally by applying gate bias volt-
ages to the two layers. When the interlayer coherence
exists, the BLQH state persists even if the electron den-
sity is arbitrarily unbalanced between two quantum wells.
Sawada et al. [6] have found precisely this behavior in
certain BLQH states; furthermore they have found that
the activation energy increases as the density difference
becomes larger. This behavior is presumably due to a
capasitive charging energy stored in Skyrmions excited
across the two layers in the coherent state [7]. These two
experiments [3,6] indicate strongly the spontaneous de-
velopment of the interlayer coherence in the ν = 1 BLQH
state.
An intriguing problem is whether an interlayer coher-
ence develops also in the ν = 2 BLQH systems. Sawada
et al. have found [6] a phase transition at ν = 2 by chang-
ing the electron density continuously. The phase transi-
tion occurs seemingly between the ν = 1 + 1 compound
state and the ν = 2 “coherent state”. Phase transitions
have also been observed at ν = 2 in optical experiments
by Pellegrini et al.: first they used samples with different
densities [8]; second they tilted samples in the magnetic
field [9]. In each of them, they have found two distinctive
phases with respect to spin-excitation modes. They have
concluded a phase transition between spin polarized and
unpolarized states at ν = 2. It is important to relate the
phase transitions found in the magnetotransport [6] and
optical [8,9] experiments, if any.
In this paper, we report the results of experiments on
the ν = 1 and 2 BLQH states, where we have mea-
sured the Hall-plateau width and the activation energy
by changing the density in each quantum well and simul-
taneously tilting the sample in a magnetic field. In this
way we control both the density difference and the con-
jugate phase difference simultaneously in a BLQH state.
The sample was grown by molecular beam epitaxy on a
(100)-oriented GaAs substrate, and consists of two mod-
ulation doped GaAs quantum wells of width W = 200 A˚,
separated by an Al0.3Ga0.7As barrier of thickness dB =
31 A˚. The total electron density nt of this sample was
2.3 × 1011 cm−2 at zero gate voltage, the mobility was
3.0 × 105 cm2/Vs at temperature T = 30mK, and the
tunneling-energy gap ∆SAS was 6.8 K. The Schottky
gate electrodes were fabricated on both front and back
surfaces of the sample so that the front-layer (nf) and
the back-layer electron density (nb) can be independently
controlled by adjusting the front (Vfg) and the back gate
voltage (Vbg).
Measurements were performed with the sample
mounted in a mixing chamber of a dilution refrigerator.
The magnetic field with maximum 13.5T was applied
to the sample. Standard low-frequency ac lock-in tech-
niques were used with currents less than 100 nA to avoid
heating effects. The sample mounted on a goniometer
with the superconducting stepper motor [10] can be ro-
tated into any direction in the magnetic field.
The Hall-plateau width has previously been shown to
be a good indicator of the stability of the QH state, and
the correlation with the activation energy has been estab-
lished [6]. Its dependence on the tilted angle Θ and the
normalized density difference σ = (nf − nb)/nt gives an
overview in categorizing different types of BLQH states.
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FIG. 1. The Hall-plateau width of the ν = 1 state at 50mK
as a function of the tilted angle Θ at various nt and σ.
In Fig. 1 we show the plateau width of the ν = 1 BLQH
state as a function of Θ at various nt and σ. The plateau
width is defined [11] with respect to the perpendicular
field B⊥. All data of the plateau width exhibit a similar
behavior.
We give the activation energy as a function of Θ
in Fig.2. As typical examples we show the data with
nt = 1.0 and 0.7 in unit of 10
11 cm−2. Two curves are
at the balanced point (σ = 0) and one at the unbalanced
point (σ = 0.45). The activation energy ∆ is derived
from the temperature dependence of the magnetoresis-
tance; Rxx = R0 exp(−∆/2T ). (This definition is differ-
ent by factor 2 from the previous one [6].)
The activation energy has a peak at Θ = 0, and drops
rapidly to a certain tilted angle Θ∗, and then it becomes
flat (σ = 0) or increases (σ 6= 0). This behavior is the
anomaly revealed first by Murphy et al. [3] at the bal-
anced point (σ = 0). The critical angle Θ∗ clearly in-
dicates a phase transition. Yang et al. [5] have argued
that it is the commensurate state for Θ < Θ∗ and the
incommensurate state for Θ > Θ∗, about which we ex-
plain later based on eq.(1). We also identify Θ∗ with
the commensurate-incommensurate (CIC) phase transi-
tion point. Our new finding is that the CIC transition
occurs also in unbalanced configurations (σ 6= 0). As we
show later in eq.(2), the phase difference θ is related to Θ
in the interlayer coherent phase. Thus, each BLQH state
turns out to possess definite values of σ and θ in Fig.1.
We conclude that this is an evidence of the development
of the interlayer coherence at ν = 1.
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FIG. 2. Activation energy of the ν = 1 state as a function
of Θ at various nt and σ. The total density nt is in unit of
1011 cm−2.
We next show the plateau width of the ν = 2 BLQH
state in Fig.3. There are two distinguished behaviors, as
is consistent with the previous data [6]: (A) The overall
behavior at a low density [Fig.3(a)] bears a close resem-
blance to that in the ν = 1 state (Fig.1). It indicates
that the interlayer coherence has developed also at ν = 2
together with the CIC transition. (B) At higher densities
[Fig.3(b) and (c)], we observe two distinguished types of
states: (B1) The plateau width near the balanced point
(σ ≃ 0) increases monotonously as the tilted angle in-
creases; (B2) The plateau width at large off-balanced
points shows a behavior characteristic to the coherent
state.
We give the activation energy as a function of Θ in
Fig.4, where nt = 1.0 and 0.7 in unit of 10
11 cm−2. (A)
At low density (nt = 0.7) it shows an anomalous behavior
in the activation energy as in the ν = 1 coherent BLQH
state. However, the activation energy begins to increase
beyond Θ∗, whose origin will be the Zeeman energy of
spin excitations as we discuss later (see Table 1). (B1)
2
At higher density (nt = 1.0) it increases monotonically
at the balanced point (σ = 0). This is an expected be-
havior in the compound state which is stable only around
the balanced point [6]. The increase is due to the Zee-
man energy of spin excitations. Note that no tunneling
energy contributes to the compound state. (B2) At the
off-balanced point (σ = 0.45) its behavior is that of a
typical coherent state established in the ν = 1 BLQH
state.
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FIG. 3. The Hall-plateau width of the ν = 2 state at 50mK
as a function of Θ at various nt and σ.
We proceed to discuss physics behind the interlayer
coherence of the bilayer QH states. The interlayer coher-
ence is described by the Hamiltonian density [5,12],
H = ρs
2
[(∂xθ)
2 + (∂xσ)
2] +
e2n2t
8C
σ2
−∆SASnt
4
√
1− σ2 cos(θ −Qx), (1)
where Q = 2πdB‖/φ0 with the Dirac flux unit φ0 ≡ h/e.
We have taken the BLQH system parallel to the xy plane
and applied the parallel magnetic field to the y direction.
The first term describes the Coulomb exchange energy
with the pseudospin stiffness ρs ≃ νe2/(16
√
2πεℓB); the
second term the capacitive charging energy with the ca-
pacitance C, and the last term the tunneling energy. (ε
is the dielectric constant.) The tilted angle Θ is given by
tanΘ = B‖/B⊥. The phase difference θ induces screen-
ing currents J fx = −Jbx = (2πeρs/h)∂xθ on the two layers
into the opposite directions [4].
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FIG. 4. Activation energy of the ν = 2 QH state as a func-
tion of Θ at various nt and σ.
On one hand, in the commensurate phase (Θ < Θ∗)
the tunneling term is minimized, as yields θ = Qx, or
θ(x) = 2πxdB‖/φ0 = 2πxdB⊥ tanΘ/φ0. (2)
The phase difference θ(x) counts the number of flux
penetrated into the area xd of the junction. As the
tilted angle increases, the screening currents
∣∣J f,bx
∣∣ in-
crease, and they will decrease the activation energy by
destabilarizing excitations across the two layers. On the
other hand, in the incommensurate phase (Θ > Θ∗)
the kinetic term is minimized, as yield θ = θ0 = con-
stant. No screening current flows, which means that
the activation energy is insensitive to the tilted angle.
The critical angle Θ∗ is given at the balanced point [5]
by tanΘ∗ = (1/2π2d)
√
∆SAS/ntρs. It decreases as nt
increases, as is qualitatively consistent with the data
(Fig.1).
An important observation is that cos(θ0 − Qx) oscil-
lates very rapidly in the incommensurate phase, and its
average vanishes. Consequently, the tunneling energy is
suppressed as a many-body effect, and the second energy
3
level is given by the antisymmetric spin-up state at the
balanced point [Fig.5(b)]. Because charge excitations do
not acquire the Zeeman energy, the activation energy is
flat in the incommensurate phase at ν = 1 in the bal-
anced configuration, as explain the data (for σ = 0) in
Fig.2 and also the data by Murphy et al. [3].
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FIG. 5. Schematic representation of the alignment of en-
ergy levels of electrons at ν = 2. The symmetric and anti-
symmetric states are represent by S and A. The short vertical
arrows represent the orientations of electron spin. At ν = 2
charge excitations flip spins in the incommensurate phase. On
the contrary, at ν = 1 they do not flip spins in the incommen-
surate phase.
We turn to discuss the BLQH state at ν = 2. When
the total density is sufficiently small the interlayer co-
herence develops as in the ν = 1 state, and will be also
described by the effective Hamiltonian (1). Because the
tunneling energy gap ∆SAS is larger than the Zeeman en-
ergy (g∗µBB) in our sample (∆SAS/g
∗µBB ≃ 4 at B =
5T), the lowest two levels occupied are the symmetric
spin-up and spin-down states in the commensurate phase
[Fig.5(a)]. The activation energy decreases as the tilted
angle increases as in the ν = 1 commensurate phase. In
the incommensurate phase, since the tunneling interac-
tion is effectively suppressed by a many-body effect, the
lowest two levels are the symmetric and antisymmetric
spin-up states [Fig.5(b)]. Consequently, charge excita-
tions flip spins, as is seen in the increase of the activation
energy (for nt = 0.7 and σ = 0) in Fig.4.
This physical interpretation of our magnetotransport
experiments is consistent with the one obtained from
the optical experiments [8,9], except that we have not
observed their D phase. We have argued that, when
∆SAS > g
∗µBB at Θ = 0, the CIC phase transition re-
arranges the energy levels in the incommensurate phase
(Fig.5). It induces effectively a transition between the
spin polarized phase and the spin unpolarized phase at
ν = 2. This is precisely the feature observed by the
optical experiments [8,9]. We summarize the relations
between the results in these two types of experiments
in TABLE I. Finally, we remark that the interlayer co-
herent state and the compound state correspond to the
canted state and the FM state in a theoretical work [13]
at ν = 2.
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TABLE I. Comparison between the optical and magneto-
transport results at ν = 2.
Low Density Low Tilt Low Temp.
Sample ↓ ↓ ↓
High Density High Tilt High Temp.
Our work Coherent Commens.
∆SAS = 6.8K ↓ nt ≃ 0.9 ↓ Θ
∗ ≃ 50◦ No detection
nt = 0.6 ∼ 1.6 Compound Incommens.
Pellegrini et al. Unpolarized Unpolarized Unpolarized
∆SAS ≃ 7K ↓ nt ≃ 1.3 ↓ Θ
∗ ≃ 37◦ ↓ T ∗ ≃ 0.5K
nt = 0.6 ∼ 1.4 Polarized Polarized D Phase
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